During the establishment of polarity, fucoid algal zygotes adhere to the substratum and select a growth axis according to environmental cues. Since little is known about the early events leading to axis selection, we investigated the chronology of cell adhesion, adhesive deposition, and axis selection induced by light (photopolarization). The requirements for secretion and the cytoskeleton in these processes and in the process of changing the orientation of an axis in response to new environmental cues (axis realignment) were also tested. Adhesive deposition occurred in two distinct stages: it was deposited uniformly on young zygotes (uniform primary adhesive) and later was deposited asymmetrically (polar secondary adhesive). Uniform primary adhesive deposition, cell adhesion, and photopolarization occurred simultaneously, and shortly thereafter, polar secondary adhesive deposition occurred at the future growth site. Uniform primary adhesive deposition and cell adhesion required secretion, but were independent of filamentous-actin (F-actin) and microtubule function. Photopolarization of young zygotes and polar secondary adhesive deposition required secretion but not microtubules. F-actin served to localize secondary adhesive deposition at the rhizoid pole; its function in polarization was more complex. F-actin was required for axis selection; however, its role in realignment of an axis depended on the light regime. The differing requirements for F-actin during development indicates that the axis is not static, but changes with time. These findings indicate that previous and future work on ''axis formation'' must be interpreted in the context of the developmental stage of the zygote. ᭧
INTRODUCTION
Zygotes of the fucoid alga, Pelvetia compressa, are wellsuited for investigating the initial events in axis selection and amplification. P. compressa, which grows in the interEstablishment of cell polarity, i.e., the generation of asymtidal zone of North America, can be induced to release thoumetry in a single cell (Chant, 1996) , is an essential mechasands of gametes into the surrounding seawater. Fertilization nism underlying many developmental processes (Davidson, occurs externally and development proceeds free of maternal 1991; Harold, 1995; Drubin and Nelson, 1996) . Studies in tissues and signals. The subcellular organization of unfertilseveral organisms indicate that the establishment of cell poized eggs is radially symmetric (Jaffe, 1958) , and early in the larity involves a continuum of events beginning with formafirst cell cycle, zygotes establish polarity that defines the tion of an initial asymmetry (axis selection) and subsequent axis along which growth occurs (Kropf, 1992 (Kropf, , 1997 . In the elaboration of that asymmetry (axis amplification) through absence of any detectable vector, zygotes will polarize in the localization of subcellular components and processes random orientations; axis selection under these conditions (Kropf, 1992 (Kropf, , 1997 Roemer et al., 1996; Drubin and Nelson, may be specified by the sperm entry site during fertilization 1996). Cells may inherit polarity historically, as in budding (Kropf, 1997) . However, this weak initial axis can be overridyeast, where cell polarity is determined by the previous bud den by a number of environmental vectors including unidisite (Chant, 1996) . Alternatively, the initial asymmetry can rectional light (Hurd, 1920; Whitaker and Lowrance, 1936) , be acquired de novo by the zygote or egg, as is the case in electrical fields (Lund, 1923; Novak and Bentrup, 1973) , some fucoid algae (Knapp, 1931; Kropf, 1997) .
chemical or ionic gradients (Bentrup et al., 1967; Robinson and Jaffe, 1976) , and several other vectors (Bentrup, 1984) . In the laboratory, unidirectional light is most commonly used
The chronology of events leading to axis selection in P.
for up to 3 weeks. To induce the release of gametes, receptacles compressa is not well understood. Cell adhesion, which is were placed in uniform light (100 mmol/m 2 s) at 16ЊC in artificial believed to be mediated by the deposition of a sticky polyphe- (Schroter, 1978) . Other early amplification events include imaged by conventional epifluorescence microscopy or laser scanlocalization of ions (Brownlee and Wood, 1986 ; Robinson ning confocal microscopy with transmitted light to outline the cell.
and Jaffe, 1973; Kropf et al., 1995) , ion currents (Jaffe, 1966;  Adhesive thickness was measured as the distance between the cell wall and the fluorescent microsphere outline. The orientation of Nuccitelli and Jaffe, 1974; Robinson and Jaffe, 1975) , F-actin polar secondary adhesive with respect to the orienting light vector (Kropf et al., 1989b) , and dihydropyridine receptors (Shaw fronds are derived from the opposite (thallus) pole (Kropf, 1992 (Kropf, , 1997 .
Cell Adhesion and Wall Loosening Assays
The axis is labile during amplification, and for several hours it may be realigned by new environmental cues. BeCell adhesion was determined as the percentage of cells that recause the composition of the axis continually changes durmained immobile when the dish was agitated (approximately 3 rps) ing amplification, the cellular processes required for inion the microscope stage. To assay localized cell wall loosening, the tially selecting the axis may be different from those required weakest region of the cell wall was determined by lysing zygotes in hypotonic solution. Lysis occurred from a single point on the surface for realigning it. To test this, we compared the requirements of the zygote. To determine the spatial relationship between polar for secretion and the cytoskeleton, which are known to be secondary adhesive site and lysis site, adhesive was labeled as deimportant for polarity establishment in many organisms scribed above and cells were then rinsed twice with distilled water (Drubin and Nelson, 1996; Bretscher et al., 1994; Harold, to induce lysis. The angle between the direction of maximal adhesive 1995), in axis selection and axis realignment. Our findings deposition and the direction of lysis was measured.
indicate that the requirement for F-actin is dependent on the developmental stage of the zygote; therefore, we conclude that the physiological properties of the cell, and po-
Photopolarization Assays
tentially the growth axis itself, do indeed change during Zygotes were cultured in unidirectional light (100 mmol/m 2 s)
development.
beginning at 1 h after fertilization (AF) on poly-L-lysine-coated coverslips. Each hour, from 2 to 8 h AF, a dish of zygotes was trans-
MATERIALS AND METHODS
ferred to the dark and zygotes were allowed to initiate local rhizoid growth. At 48 h AF, the position of rhizoid outgrowth was measured
Plant Material and Culture
(angle between the directions of light and of polar growth) and the percentage of zygotes that had photopolar rhizoid outgrowth was Sexually mature receptacles of P. compressa (J. Agardh) De Toni were collected near Pigeon Point Lighthouse (north of Santa Cruz, calculated as described above for photopolar adhesive deposition.
To ensure that cells were sufficiently immobilized on poly-Ldetermined. To do this, zygotes were cultured in uniform light from 1 to 7 h AF. At 6 h AF, the inhibitor was added and at 7 h lysine, the following controls were performed. Young zygotes (less than 3 h old) were plated directly onto poly-L-lysine-coated cov-AF, zygotes were placed in unidirectional light. At 12 h AF, zygotes were rinsed and allowed to germinate in the dark, and the erslips and allowed to settle for 5 min. Cell adhesion was then determined as described above; 98% (n Å 100) of 1-h-old zygotes percentage of zygotes with photopolar rhizoid outgrowth was determined as described above. remained immobilized on the coverslip. Similar results were obtained when zygotes treated with 5 mg/ml Brefeldin A (from 1 to 6
In the second assay (Assay II), realignment of a unidirectional light-induced axis was measured. Zygotes were cultured in unidih AF) to prevent secretion of adhesive were plated on poly-L-lysinecoated coverslips. In a second control, zygotes were cultured in rectional light (Light I) from 1 to 7 h AF. At 6 h AF, the inhibitor was added and at 7 h AF, the direction of light was rotated 180Њ unidirectional light from 1 to 6 h AF on poly-L-lysine-coated coverslips in ASW lacking sulfate. ASW lacking sulfate decreases the (Light II). At 12 h AF, zygotes were rinsed and allowed to germinate in the dark and rhizoid orientation with respect to Light II was sulfate content of zygotes to levels that prevent cell adhesion but does not affect photopolarization (Crayton et al., 1974; Schroter, measured and scored as described above.
For each data set, the statistical significance of the measured 1978). At 6 h AF zygotes were rinsed several times in normal ASW and allowed to germinate in the dark. If zygotes were not suffiangles (between the directions of the orienting light vector and of rhizoid outgrowth) was determined using a Kruskal-Wallis nonciently immobilized by poly-L-lysine, they would roll on the coverslip during rinsing and therefore germinate randomly with reparametric ANOVA test. When means of these angles were statistically different, Dunn's multiple comparison test was performed. spect to light. At 48 h AF, the percentage of zygotes with photopolar rhizoid outgrowth (82%, n Å 100) was identical to ASW controls (82%, n Å 100), indicating that poly-L-lysine firmly immobilizes zygotes to the coverslip.
RESULTS
To determine when zygotes were competent to photopolarize, zygotes were given 1-h pulses of unidirectional light from 1 to 8 h
Temporal Relationships among Adhesive
AF on poly-L-lysine-coated coverslips, transferred to the dark, alDeposition, Cell Adhesion, and Axis Selection lowed to germinate, and scored as above.
Fucoid zygotes adhere to a rocky substratum and become responsive to environmental vectors, such as light, shortly
Secretory and Cytoskeletal Inhibition
after fertilization, but the temporal relationships among adhesive deposition, cell adhesion, and light-induced axis se-AF), polar secondary adhesive was deposited in accordance with the light vector (Fig. 4A) . Preferential adhesive deposition at the shaded pole increased from 4 to 8 h AF. Adhesive was approximately twofold thicker at the shaded (rhizoid) pole than at the lighted (thallus) pole (Fig. 4B) . From 3 to 8 h AF, at the rhizoid pole adhesive thickness increased from 2.5 to 6.5 mm and at the thallus pole it increased from 1.4 to 4.1 mm. Thus, deposition occurred over the entire zygote surface, but was preferential for the rhizoid pole. This polar pattern of adhesive deposition continued as zygotes aged, resulting in colocalization of the sites of rhizoid outgrowth and of thickest accumulation of adhesive (Figs. 2D-2F ). These data indicate that in P. compressa, polar secondary adhesive deposition is a reliable marker for the rhizoid pole in young, ungerminated zygotes.
Early developmental events were also analyzed in a related fucoid alga, Fucus distichus. Photopolarization occurred later in F. distichus (6 to 8 h AF) than in P. compressa (Fig. 5A ), but the sequence of events was similar. A thin adhesive layer surrounded zygotes prior to photopolarization and this pattern changed to polar deposition at the rhizoid pole following photopolarization (Fig. 5B ). Although occurred at the site of thickest adhesive (data not shown).
Local Wall Loosening
were not significantly different from one another (P ú 0.05). Thus, zygotes adhered and became competent to photopoIn preparation for polar growth, the cell wall at the site of growth must be loosened to allow directional cell expanlarize at the same time.
sion. Spatial and temporal aspects of local wall loosening were determined by placing zygotes in hypotonic medium
Relationship between Axis Selection and Polar
and assessing the direction of cell lysis (which occurred Secondary Adhesive Deposition from a single point on the cell surface) with respect to the direction of maximal secondary adhesive deposition. In a The pattern of adhesive deposition changed from uniform at 3 h AF to polar by 4 h AF (Fig. 2C ). This new pattern population of zygotes, lysis at random positions with respect to adhesive would result in a mean angle of 90Њ and was termed polar secondary adhesive, ''polar'' to denote its asymmetric pattern and ''secondary'' to indicate that it temprecise colocalization would result in a mean angle of 0Њ. Preferential lysis near the position of maximum adhesive porally follows ''uniform primary adhesive.'' The composition of adhesive is not well understood and therefore it is increased from 4 to 6 h AF (Fig. 6) . By 6 h AF, all zygotes lysed very near the direction of maximal secondary adhesive unknown if there are chemical differences between these two temporally distinct adhesives. Sixty percent of zygotes deposition, with a mean angle of 10 { 2Њ. at 4 h AF and 90% of zygotes by 6 h AF bore polar secondary adhesive (Fig. 1) . To determine whether polar secondary
Inhibition of Secretion and Cytoskeletal Function
adhesive reliably marks the presumptive rhizoid in young zygotes, the spatial relationship between the developmental Secretion and the cytoskeleton are fundamental to the establishment of polarity in most cells (Bretscher et al., axis and the position of maximal polar secondary adhesive deposition was analyzed. As soon as it was detectable (4 h 1994; Harold, 1995; Drubin and Nelson, 1996) . The require- ments for secretion and the cytoskeleton in early developAt lower concentrations (1 and 10 nM latrunculin B), a thick layer of adhesive was deposited uniformly over the zygote mental events were assessed using pharmacological agents. Golgi-specific secretion was inhibited by application of surface (Fig. 7D) . The average thickness of this uniform adhesive, 3.9 { 0.25 mm, was approximately the same as adheBrefeldin A (Staehelin and Driouich, 1997) or monensin (Zhang et al., 1993) . F-actin function was inhibited by applisive thickness at thallus poles of control cells of comparable age. These results indicate that F-actin function is needed cation of latrunculin B (Gupta and Heath, 1997; Love et al., 1997) or cytochalasin D (Brawley and Quatrano, 1979;  for increased, localized secretion of secondary adhesive that occurs at the presumptive rhizoid. Brawley and Robinson, 1985; Cooper, 1987) . Oryzalin treatment was used to depolymerize microtubules (Galway and Axis selection. The effects of Brefeldin A, latrunculin B, cytochalasin D, and oryzalin on photopolarization were deHardham, 1989) .
Cell adhesion and adhesive deposition. Oryzalin (1.0 termined as described in Fig. 8A . Brefeldin A prevented photopolarization of zygotes in a dose-dependent manner, with mM), which completely depolymerizes MTs in P. compressa (S. Bisgrove, unpublished observation), had no effect on unifull inhibition at 5 mg/ml (P õ 0.001) (Fig. 8B) . Similar results were observed with a second inhibitor of secretion, monensin form primary or polar secondary adhesive accumulation, or cell adhesion (Table 1 ). In contrast, Brefeldin A and monen-(data not shown). Latrunculin B also prevented photopolarization in a dose-dependent manner, with full inhibition at sin prevented primary and secondary adhesive accumulation and zygote adhesion in a dose-dependent manner (Table  30 nM (P õ 0.001; Fig. 8D ). Similar results were observed with cytochalasin D (Fig. 8E) ; full inhibition was reached at 1, Fig. 7B ). At higher concentrations, no adhesive was deposited and cells did not adhere. These data indicate that uni-25 mg/ml (P õ 0.001). In contrast, 1.0 mM oryzalin had no effect on photopolarization (P Å 0.73; Fig. 8C ). form primary and polar secondary adhesives are deposited by secretion in a microtubule-independent manner. Axis realignment. Because zygotes selected growth axes by 3 to 4 h AF regardless of the light regime, photopolarizaLatrunculin B and cytochalasin D did not prevent cell adhesion or uniform primary adhesive deposition, but did tion of older zygotes must involve axis realignment. To determine the requirements for secretion and cytoskeleton in axis alter the pattern of secondary adhesive deposition (Table  1) . At 30 nM latrunculin B, uniform primary adhesive was realignment, the initial axis was selected in two ways: (1) using uniform light, without an orienting vector (Assay I) or deposited but no secondary adhesive accumulated (Fig. 7C). axis fixation, and rhizoid growth. However, early events that occur in the first few hours following fertilization and lead to the establishment of initial polarity are less well understood. We have begun to examine these early events and find that deposition of uniform primary adhesive, cell adhesion, and photopolarization occur almost simultaneously. Based on the data presented, we propose the following chronology.
(1) Adhesive is initially secreted uniformly and mediates cell adhesion. (2) Once zygotes have adhered, they immediately sense environmental cues and respond by selecting an appropriate developmental axis. (3) Within the next hour, secretion becomes localized to the presumptive rhizoid pole in an Factin-dependent manner, and this polar secondary adhesive strengthens cell attachment.
Uniform Secretion Mediates Attachment and Axis Selection
Substantial evidence indicates that uniform primary adhesive mediates zygote adhesion to the substratum. Both (2) using unidirectional light (Assay II). Inhibitors were added at 6 h AF, after cells had selected an axis and secreted adhesive polarly. The effects of inhibitors on subsequent realignment of the axis were then determined (Fig. 9A) .
Brefeldin A disrupted axis realignment in a dose-dependent manner, whether the initial axis had been induced in uniform light (Fig. 9B) or by unidirectional light (Fig. 9E) . Photopolarization in the presence of 1.0 mg/ml Brefeldin A and greater was significantly different than in the control (P õ 0.001). In contrast to Brefeldin A, the requirement for F-actin in realignment of an axis was dependent on the means by which the initial axis was selected. Neither latrunculin B nor cytochalasin D had significant effect on realignment of an axis induced in the absence of a polarizing vector (Figs. 9C and 9D) (P ú 0.05). Higher concentrations larly with respect to later events such as axis amplification, Copyright ᭧ 1998 by Academic Press. All rights of reproduction in any form reserved. photoreceptors or signal transduction components. Uniform secretion is not, however, sufficient for photopolarization; zygotes secrete only primary adhesive in high concentrations of latrunculin B or cytochalasin D, yet they do not photopolarize (Table 1, Figs. 8D and 8E ).
Polar Secretion Is Directed by the Developmental Axis
Zygotes do not display obvious morphological polarity until rhizoid outgrowth at 10 to 12 h AF. The data presented here and in an earlier study (Schroter, 1978) indicate that polar secondary adhesive is a reliable indicator of the presumptive rhizoid, and therefore the orientation of the developmental axis, much earlier in development. Beginning at processes occur simultaneously and inhibitor treatments (Brefeldin A and monensin) that prevent primary adhesive deposition also block cell adhesion. In contrast, treatments that affect secretion of polar secondary adhesive, but not uniform primary adhesive (latrunculin B, cytochalasin D), do not inhibit zygote adhesion. These findings support an earlier report in F. distichus showing that uniform deposition of a polyphenolic and acidic carbohydrate adhesive is responsible for cell adhesion (Vreeland et al., 1993) .
Secretion is also a prerequisite for axis selection, as indicated by the inhibitory effects of Brefeldin A and monensin in P. compressa. These results contrast with the result of an earlier study in F. distichus, which reported that axis selection occurs in the absence of secretion (Shaw and Quatrano, 1996b ). This discrepancy may be due to differences in the two species (see below), but it has not been investigated. Also consistent with a requirement for secretion in axis selection, competence to photopolarize is acquired simultaneously with secretion of uniform primary adhesive, in which zygotes cannot perceive light cues (Bentrup, 1984) . quired for perception and/or transduction of light, such as 
98 { 2 0 { 0 9{ 6 2 0{3 7 2 { 8 a Pattern of adhesive was divided into four categories: no adhesive as shown in Fig. 7B (none), uniform thin adhesive as shown in Fig.  7C (primary only), uniform thick adhesive as shown in Fig. 7D (uniform secondary), and polar secondary adhesive as shown in Fig. 7A (polar secondary). For each treatment the percentage of cells in each category is shown. Means { standard errors are shown (for each inhibitor concentration, n ú 100 zygotes total for 3 experiments). For each experiment the solvent control results were reported for the ''0'' concentration. 4 h AF, adhesive is preferentially secreted at the site of The effects of latrunculin B and cytochalasin D shed light on the relationship between axis selection and polar adhefuture rhizoid outgrowth, regardless of whether the axis was induced in unidirectional light, uniform light, or darkness.
sive secretion. At high concentrations, these agents block axis selection and reduce and delocalize secretion of adheThus, polar deposition of secondary adhesive may be part of a general pathway common to all polarizing cues. Schroter sive. This finding suggests that zygotes must establish an axis in order to localize secretion. F-actin appears to play (1978) provided further evidence that polar adhesive marks the rhizoid pole: when the axis is realigned by changing the an additional role in localizing secretion. At 1 nM latrunculin B 50% of zygotes photopolarize, and although secredirection of light prior to axis fixation, polar secretion of adhesive occurs at the new rhizoid pole.
tion is not inhibited, only 10% secrete polar secondary adhesive. Thus, 40% of zygotes possess an axis and yet fail to Polar secretion also marks a light-induced axis in F. distichus, the main difference being that photopolarization and secrete locally, suggesting that F-actin plays distinct roles in axis selection and polar secretion. secretion of secondary adhesive occur later than in P. compressa. The morphology and developmental events of brown The F-actin needed for polar secretion may be cables that transport vesicles to the tip or cortical patches that define algae from the genera Fucus and Pelvetia are quite similar. However, like polar adhesive deposition, the timing of the secretory sites. Despite earlier reports that F-actin is uniformly distributed about the cortex of young zygotes many events including photopolarization, onset of polar growth, and zygotic cell division is somewhat delayed in (Brawley and Robinson, 1985; Kropf et al., 1989a) , preliminary evidence indicates that F-actin is localized to a patch the Fucus species (Kropf et al., 1989b) .
FIG. 7.
Effect of inhibitors on the pattern of adhesive deposition. Zygotes were cultured in unidirectional light from 1 to 6 h AF alone (A, control) or in the presence of 5 mg/ml Brefeldin A (B), 30 nM latrunculin B (C), or 1 nM latrunculin B (D). Adhesive was labeled and imaged as described in the legend to Fig. 2 . Bar, 25 mm.
at the cortex of the presumptive rhizoid at 4 h AF (L. Alessa, may target secretion by transporting vesicles from the perinuclear Golgi to the presumptive rhizoid. Evidence for this University of Utah, personal communication). This patch may serve as a target site for secretion. In addition, F-actin comes from a previous study which showed that vesicles are not transported to the cortex, but remain in the perinuclear region of F. distichus zygotes, when F-actin function is inhibited with cytochalasins B or D (Brawley and Quatrano, 1979) . F-actin also targets secretion in other polarly growing cells, including pollen tubes, root hairs, and budding yeast. Conditional actin mutants in Saccharomyces cerevisiae are unable to localize secretion to the growth site, resulting in a large, round morphology (Bretscher et al., 1994) . In pollen tubes and root hairs F-actin appears to localize secretion by targeted transport because no F-actin is present at the cortical fusion sites (Taylor and Hepler, 1997; Emons, 1987) . Studies in several diverse organisms indicate that polar secretion is a late event in polarity establishment. In budding yeast cells, extending neuronal cells, pollen tubes, fungal hyphae, and many others, expression of polarity in the form of local growth is mediated by polar secretion beginning just prior to polar growth (Drubin and Nelson, 1996; Heidemann, 1990) . In contrast, the results of this study indicate that in P. compressa and F. distichus polar secretion occurs much earlier than previously thought. An important function of early polar secretion may be to amplify the selected axis by local insertion of molecules into the plasma membrane or cell wall in preparation for polar growth (Kropf, 1997) . Several molecules have been shown to be localized to the rhizoid plasma membrane and cell wall during axis amplification, including early localization of membrane dihydropyridine receptors (Shaw and Quatrano, 1996a) and later localization of vitronectin-like molecules (Wagner et al., 1992) and sulfated fucans (F2, Brawley and to molecules that were deposited at the old site; however, preliminary evidence indicates that localized F-actin disasopmental status of the zygote is determined in part by the polarizing signal; the means by which an axis is selected sembles (L. Alessa, University of Utah, personal communication). Similarly, some of the localized wall and membrane somehow affect the physiological requirements for realigning that axis. Perhaps different methods of polarizing molecules at the old site may turn over.
the zygote initiate distinct amplification events, or instead, they may differentially affect the rate of amplification. For
Requirement for F-Actin Depends on the
example, in response to unidirectional light, the axis may
Polarizing Signal
become amplified more quickly than if induced in the absence of vectors; in zygotes of the same age, the two axes F-actin function is required to realign a light-induced axis (Assay II) but realigning an axis induced in the absence of would therefore have different physiological properties. orienting vectors is far less sensitive to F-actin inhibitors (Assay I). It was not possible to use higher concentrations
Requirement for F-Actin Changes
of latrunculin B or cytochalasin D to determine whether during Amplification they might prevent realignment in Assay I because zygotes did not recover from high inhibitor concentrations. NoneZygotes are sensitive to environmental cues for several hours and during this time the physiological requirement theless, concentrations that prevent realignment in Assay II have little effect in Assay I, indicating a difference in for F-actin changes. Photopolarization of young zygotes is far more sensitive to F-actin inhibitors than realigning an sensitivity. These surprising results suggest that the devel-
